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Background: The biologic attributes of the endocrine pancreas and the comparative endocrinology of islet
amyloid polypeptide (IAPP) of fish are not well described in the literature. This study describes the endocrine
pancreas of one teleostean fish. Ten captive Atlantic wolffish (Anarhichas lupus) from the Montreal Biodome were
submitted for necropsy and their pancreata were collected.
Results: Grossly, all the fish pancreata examined contained 1-3 nodules of variable diameter (1-8 mm). Microscopically, the
nodules were uniform, highly cellular, and composed of polygonal to elongated cells. Immunofluorescence for pancreatic
hormones was performed. The nodules were immunoreactive for insulin most prominent centrally, but with IAPP and
glucagon only in the periphery of the nodules. Exocrine pancreas was positive for chromogranin A. Not previously
recognized in fish, IAPP immunoreactivity occurred in α, glucagon-containing, cells and did not co-localize with insulin in
β cells. The islet tissues were devoid of amyloid deposits. IAPP DNA sequencing was performed to compare the sequence
among teleost fish and the potency to form amyloid fibrils. In silico analysis of the amino acid sequences 19-34 revealed
that it was not amyloidogenic.
Conclusions: Amyloidosis of pancreatic islets would not be expected as a spontaneous disease in the Atlantic wolffish. Our
study underlines that this teleost fish is a potential candidate for pancreatic xenograft research.
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The pancreas is an endodermal organ found in all verte-
brates with two different functional components that are
essential for the homeostatic regulation of glucose and food
digestion. The exocrine pancreas is composed of acinar and
duct cells involved in the production and transport of di-
gestive enzymes into the gut, whereas the endocrine com-
partment regulates the production and secretion of peptide
hormones into the bloodstream. In higher vertebrates,
there are five endocrine cell types that cluster as the islets
of Langerhans. The hormonal expression is specific to each
cell type: glucagon (α cells), insulin (β cells), somatostatin* Correspondence: Jessica.fortin.2@umontreal.ca;
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in any medium, provided the original work is p(δ cells), ghrelin (ε cells), and pancreatic polypeptide (PP
cells) (Ali 1985).
The pancreatic tissues of several species of teleost fish
have been described and a complete separation of exocrine
and endocrine parenchyma occurs (Ali 1985; Nguyen et al.
1995). The islet tissues of some teleost fish are concentrated
in two principal islets (Brockmann bodies): one is found
near the spleen and the other is located inside the wall of
the duodenum, at the pyloric junction (Cutfield et al. 1986).
These islets contain insulin, glucagon, and somatostatin, but
only the pyloric Brockmann bodies secrete pancreatic poly-
peptide (Falkmer and Olsson 1962). The isolation and
characterization of glucagon, insulin, somatostatin, and pan-
creatic polypeptide from islet tissues of several teleost fish
were previously described (Cutfield et al. 1986; Conlon et al.
1987a; Conlon et al. 1987b; Conlon et al. 1986; Cutfield
et al. 1987; Cutfield and Cutfield 1993). The amino acidn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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slightly differs from their higher vertebrate counterparts
(Nguyen et al. 1995; Cutfield et al. 1986; Falkmer and Olsson
1962; Conlon et al. 1987a; Conlon et al. 1987b; Conlon et al.
1986; Cutfield et al. 1987; Cutfield and Cutfield 1993). Islet
amyloid polypeptide (IAPP) is a hormone of 37 amino acids
that is co-secreted with insulin by the β cells of mammals
(Westermark et al. 2011). This protein, namely amylin, can
generate amyloid fibril deposits found naturally in the hu-
man and cats, but pancreatic islet amyloid fibrils, in contrast
to serum amyloid fibrils, are not found in rat and mouse
(Westermark et al. 2011). Amyloid fibril formation con-
tributes to the pathogenesis of diabetes mellitus in humans
and cats (Westermark et al. 2011). IAPP has been de-
scribed in pancreatic islet parenchyma of daddy sculpin
(Myoxocephalus scorpius) (Westermark et al. 2002); how-
ever, the comparative endocrinology of IAPP and the pro-
pensity to form amyloid deposits remain to be elucidated
in lower vertebrates.
Since the last decade, teleost species have become im-
portant as model systems in different areas of hormonal,
metabolic, and immunologic research (Intine et al. 2013;
McGonnell and Fowkes 2006). One advantage of using
teleost fish in studies of diabetes mellitus is that the pan-
creatic endocrine cells are separated from the pancreatic
exocrine tissue and can be easily isolated and harvested.
Therefore, the Brockmann body of teleost fish, particu-
larly the tilapia (Oreochromis nilotica), has been investi-
gated as a potential xenograft tissue for patients with
type 1 diabetes (Nguyen et al. 1995). The transplantation
of tilapia Brockmann bodies into a diabetic nude mice
model has been shown to promote long-term normogly-
cemia responsive to intraperitoneal glucose administra-
tion (Wright et al. 2004; Yang et al. 1997). However, islet
amyloid formation is a major hindrance to pancreatic
transplant resulting in non-immunologic transplanted
islet graft loss in a primate transplant model (Liu et al.
2012). It is important for the xenograft success of micro-
encapsulated pancreatic endocrine cells to identify which
species of teleost fish could be used without the amyl-
oidosis risk. To promote comparative understandings in
endocrine pathophysiology, the pancreatic hormonal
expression and localization in lower vertebrates should
be further clarified.
In this study, we describe the principal islets (Brockmann
bodies) of a different teleost species, the Atlantic wolffish
(Anarhichas lupus), using immunohistochemical and
immunofluorescence techniques in an attempt to better
understand the physiological regulation of glucose and the
potential usefulness of this teleost fish in endocrinological
studies. These endocrine pancreas bodies of fish have occa-
sionally been mistaken for endocrine tumors by patholo-
gists; thus, we also clarify endocrine pancreas structure and
function for comparative pathologists. The comparativepancreatic endocrinology of IAPP is poorly described in
fish; we therefore focused our study on the isolation of the
IAPP gene from the Atlantic wolfish pancreatic tissues. The
amino acid sequences of the IAPP were determined, and
the in silico analysis was performed to compare the amyloi-
dogenicity of Anarhichas IAPP to other vertebrate species.
Methods
Atlantic wolffish (A. lupus)
All fish were obtained from the Montreal Biodome that
maintained aquariums. Atlantic wolffish were approxi-
mately 9 to 10 years old and submitted dead on ice at the
necropsy services for diagnostic purpose. Necropsy was
done approximately 1 h after death, and all were well pre-
served. Pancreata were collected and fixed in 10% neutral
buffered formalin, trimmed, and embedded in paraffin.
Routine staining, special stains, and
immunohistochemistry
The paraffin sections (4 μm) were stained with hematoxylin-
eosin-phloxine-saffron (HEPS) for the histologic analysis of
all organs. Pancreatic sections were stained with Congo red
to reveal amyloid deposits and Grimelius to identify neuro-
endocrine cells.
For immunohistochemistry procedure, pancreatic sections
were deparaffinized and washed with PBS (pH 7.4) for
20 min. They were next permeabilized and blocked with
0.1% saponin and 3% (w/v) BSA in PBS. The tissue sections
were further incubated during 1 h at 37°C. Immunofluor-
escence was performed with monoclonal antibodies
against insulin, IAPP, glucagon, and somatostatin (Santa
Cruz Biotechnology, Dallas, TX, USA). All were rabbit
monoclonal antibody except for IAPP, which was a
mouse monoclonal antibody. Rabbit anti-chromogranin
A, anti-pancreatic polypeptide, and anti-synaptophysin
antibodies were purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA). Each antibody was applied
overnight at 4°C at a 1/50 dilution with a solution con-
taining 0.1% saponin and 3% (w/v) BSA. The pancreatic
sections were washed three times with PBS containing
0.05% Tween 20™ and then incubated 1 h at 37°C in the
blocking buffer containing a secondary antibody. Anti-
rabbit Alexa 488 and anti-mouse Alexa 594 were used
as secondary antibodies at 1/1,000 dilutions (Santa Cruz
Biotechnology, Dallas, TX, USA). Negative controls were
performed using the serum corresponding to the type of
the secondary antibody used (mouse or rabbit). After
three washes, slides were mounted with anti-fade reagent
(DakoCytomation, Carpinteria, CA, USA). The cellular
distribution of each pancreatic hormone was assessed
using a DMI 4000B reverse fluorescence microscope. Im-
ages were captured as 8-bit tagged image format files with
a DFC 490 digital camera, and the images were analyzed
using the Leica Application Suite Software, version 2.4.0
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Data are representative of all specimens collected.
Isolation and sequencing of Anarhichas IAPP DNA
To sequence the IAPP gene, DNA was isolated from
paraffin-embedded pancreatic tissues using a DNeasy tissue
kit (Qiagen, Toronto, ON, Canada). Fast-cycling PCR DNA
synthesis was performed with a Techne TC-512 thermocy-
cler with the following PCR protocol: 5 min at 96°C; 45 cy-
cles of 5 s at 96°C, 5 s at 53°C, and 5 s at 68°C; and a final
extension of 1 min at 72°C. Each PCR reaction consisted of
500 nM of IAPP primers (forward and reverse), 300 ng of
DNA, and 10 μL of fast-cycling Taq DNA polymerase mas-
ter mix (Qiagen, Toronto, ON, Canada). Degenerate IAPP
forward (5′-AAGTGCAACACAGCCACCTG-3′) and re-
verse (5′-CGTTTKCCGTAGGTRTTDCGA-3′) primers
were used and covered the seven first and three last amino
acids of the IAPP peptide (Westermark et al. 2002). PCR
products were visualized in a 2% (m/v) agarose gel with eth-
idium bromide, and bands of the expected size were ex-
tracted (Zymoclean™ Gel DNA Recovery Kit, Cedarlane
Labs, Burlington, NC, USA). A second PCR was performed
using the same primers with the following PCR protocol:
5 min at 96°C; 45 cycles of 5 s at 96°C, 5 s at 54°C, and 5 s
at 68°C; and a final extension of 1 min at 72°C. Sequencing
was performed using the Mcgill gene sequencing platform.
The amino acid sequence of Anarhichas IAPP was
deducted based on DNA sequence (http://didac.free.fr/
seq/dna2pro.htm).
In silico analysis of fibril formation
The tendency for β-sheet aggregation of each amino acid
sequence was calculated based on the Agg parameter, ob-
tained using in silico analysis with the TANGO program
(http://tango.crg.es), which predicts protein aggregation.
A higher Agg score is indicative of a peptide that can form
potentially toxic aggregates. The amino acid sequence in
the 19-34 segment of Atlantic salmon (Salmo salar),
daddy sculpin (M. scorpius), and zebrafish (Danio rerio)
IAPP previously published were selected to compare theFigure 1 Brockmann bodies isolated from an Atlantic wolffish. (A) Pan
Brockmann body is indicated with an arrow.Agg parameter (Westermark et al. 2002). Human and fe-
line IAPP amino acid sequences were used as positive
controls, and rodent IAPP was representative of a negative
control. Control sequences were obtained from GenBank
(www.ncbi.nlm.nih.gov/Genbank), with the following ac-
cession numbers: Homo sapiens [GenBank: M26650.1],
Felis catus [GenBank: NM001043338.1], Rattus norvegicus
[GenBank: NM012586.2].
Results
Macroscopic and microscopic examination
At necropsy, the pancreas was surrounded by adipose tissue.
Figure 1A shows the gross appearance of the pancreas from
an Atlantic wolffish, the arrows indicate the pancreatic tissue
surrounded by adipose tissue. All the fish pancreata exam-
ined contained one to three nodules (Figure 1B) of variable
diameter (1-8 mm) within the pancreas. Nodules were fur-
ther isolated for histopathological examination (Figure 2A)
revealing pancreatic islet cells in nodules sometimes sur-
rounded by exocrine pancreatic tissue, though the specific
subtopographical location of each nodule was not recorded
at necropsy. The nodules consisted of uniform polygonal to
elliptical cells and were surrounded by a delicate connective
tissue capsule. Smaller nodules were completely embedded
in exocrine tissue (Figure 2B) whereas larger nodules were
not consistently completely encased in exocrine pancreas.
Discrete nodules consisting of exocrine pancreatic tissue
were also observed (Figure 2C).
Immunohistochemistry and special stains
Using immunofluorescence with an antibody against insu-
lin (Figure 3A), a large number of β cells was observed.
The elliptical β cells were found in most parts of the
nodular islet not just on the periphery of the nodule.
Other islet cells stained immunocytochemically positive
for glucagon (Figure 3B). The α cells (glucagon contain-
ing) were confined to the periphery of the nodular islet
encircling the β cells located in the center. Infrequently,
glucagon-containing cells were noticed in the center of
the nodule. Interestingly, IAPP was found at the peripherycreatic tissues are scattered in the mesentery (black arrows). (B) The
Figure 2 Microscopic features of excised nodules from the pancreas (HEPS stain). (A) Principal islet. (B) Smaller islets embedded in
exocrine tissues. (C) Exocrine nodule from an Atlantic wolffish.
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(Figure 3A). Instead, IAPP co-localized in α cells con-
taining glucagon (Figure 3B).
Several islet nodules were surrounded by exocrine tissue.
The exocrine cells were immunoreactive with chromogra-
nin A (Figure 3C). One nodule of exocrine tissue occurred
and immunoreacted positively with the antibody targeting
chromogranin A (Figure 3D). None of the antibodies
against somatostatin, pancreatic polypeptide, or synapto-
physin reacted with islet tissue. When standard controls
were carried out, negative immunofluorescence occurred
consistently in all experiments. Noteworthy, Congo red and
Grimelius staining of the islet cells from Atlantic wolffish
were negative (Figure 4) for amyloid or neuroendocrine
cells respectfully.Figure 3 Histological sections of the pancreatic nodules with immunorea
(green) and IAPP (red) in the endocrine tissue. (B) Glucagon (green) and IAPP (r
nodules. (D) The exocrine nodule with immunoreactivity to chromogranin A wDNA sequence of Anarhichas IAPP and in silico analysis
We isolated DNA of teleost fish to amplify and sequence
the IAPP gene and compared it to other species. PCR of
DNA from the Atlantic wolffish resulted in a band of 120
base pairs. The amino acid sequence translated after the
sequencing reaction is shown in Table 1. Anarhichas IAPP
DNA is very different among the mammals and other tele-
ost fish. The amino acid at position 19, 20, and 33 are
highly conserved among the teleost fish. The IAPP amino
acid sequences from all teleost fish are devoid of the
GAILS region (amino acid positions 24-28) found in
mammal IAPP amino acid sequences. GAILS represents
an amino acid sequence at positions 24-28 in IAPP. The
amino acid sequence GAILS contributes in part to the
fibrillization process of IAPP. Two proline residues werectivity to the pancreatic hormones of Atlantic wolffish. (A) Insulin
ed) in the endocrine tissue. (C) Chromogranin A surrounding the endocrine
as isolated from an Atlantic wolffish.
Figure 4 Congo red and Grimelius staining of the islet cells from an Atlantic wolffish. Congo red: (A) Atlantic wolffish. (B) Positive control
from a feline pancreatic tissue with islet amyloidosis. Grimelius: (C) Atlantic wolffish. (D) Positive control from a canine adrenal tumor.
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wolffish and the zebrafish, but not in Atlantic salmon or
daddy sculpin.
We compared the in silico potential of IAPP to form
β-sheet precipitates, as expressed by the Agg parameter
(Table 1). The human IAPP amyloidogenic sequence has
the highest Agg parameter. Among the mammals, the
rat non-amyloidogenic IAPP sequence shows the lowest
Agg parameter. Interestingly, the Atlantic wolfish and
the zebrafish exhibit a null Agg parameter, and the
daddy sculpin Agg parameter is lower than the rat. In
contrast, the Atlantic salmon IAPP sequence reveals Agg
parameter higher than the cat, though spontaneous islet
amyloidosis has not yet been reported.Discussion
The pancreatic islets in the Atlantic wolffish appear as a few
grossly evident nodules embedded in pancreatic paren-
chyma, designated Brockmann bodies in other teleost spe-
cies. These are the homologs of the islets of Langerhans as
has been previously described in other teleostean fish
(Falkmer 1961). According to the Grimelius staining, the
pancreatic tissues did not contain neuroendocrine cells,
which preclude the islet nodule as the occurrence of a
neuroendocrine tumor.Table 1 Identification of the 37 amino acids of IAPP using PC
1 10
Human K C N T A T C A T Q R L A N F L V H S
Cat K C N T A T C A T Q R L A N F L I R S






T Q R L A D F L T R S
Daddy sculpin S
Zebrafish T R S
The amino acid sequences of teleost fish are compared to the amyloidogenic (hum
in italics were obtained from a published work (Westermark et al. 2002). The Agg p
boldface represent amino acid variations between species.Demonstrated via immunofluorescence, the α cells (glu-
cagon) occur at the periphery of the islet, and the β cells
are distributed throughout the entire nodule. This distribu-
tion of islet cells is similar for other teleost species such as
the daddy sculpin (M. scorpius) (Falkmer and Olsson 1962;
Stefan and Falkmer 1980), gilthead sea bream (Sparus aura-
tus L.) (Abad et al. 1986), swordtail (Xiphophorus helleri H.)
(Klein and Lang 1977), and rosy barb (Barbus conchonius)
(Rombout and Taverne-Thiele 1982).
Antibodies against somatostatin, pancreatic polypeptide,
or synaptophysin did not react with nodular islet tissue,
perhaps because the specific epitope does not occur in the
Atlantic wolffish. Further research will be necessary to
evaluate specific antibodies against teleostean proteins or
clarify the affinity of current antibodies to each protein in
teleostean fish. However, δ cells, which secrete somato-
statin, are reported to be located near the β cells (Stefan
and Falkmer 1980; Abad et al. 1986; Klein and Van 1978),
and pancreatic polypeptide is found in the Brockmann
bodies near the pylorus in other teleostean fish (Stefan
and Falkmer 1980; Rombout and Taverne-Thiele 1982).
Chromogranin A was found in the exocrine pancreas
and lining the connective tissue capsule of the pancre-
atic islet as previously reported with other teleostean
fish (Falkmer and Olsson 1962; Stefan and Falkmer




S N N F G A I L S S T N V G S N T Y 23
S N N L G A I L S P T N V G S N T Y 9
S N N L G P I L P P T N V G S N T Y 0
S P S R S G I S P R N T Y G K 0
S N T I G T V Y A P T N V G S 17
N S T I G T V N A P T N V G S 2
S S P I G T V N A P T N V G S 0
an, cat) or non-amyloidogenic (rat) sequences. Sequences from species written
arameters were obtained using the Tango algorithm. The amino acids in
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consisting of a dense and compact mass of acinar cells
were observed and was chromogranin immunofluores-
cent, confirming an exocrine origin.
IAPP or amylin (the precursor to amyloid) was identified
at the peripheral region of the islets for the Atlantic wolffish,
co-localizing with glucagon. In contrast to these results in
the Atlantic wolffish, IAPP has been localized in endocrine
pancreas of mammals, co-localizing with insulin within the
β cells and centrally, but not peripherally in the islets of the
Atlantic salmon (S. salar) (Westermark et al. 2002). Amyloid
was not found in the pancreatic tissues from the ten Atlantic
wolffish.
IAPP has been previously isolated and characterized
in three species of teleosts: zebrafish (D. rerio), Atlantic
salmon (S. salar), and daddy sculpin (M. scorpius)
(Westermark et al. 2002; Martinez-Alvarez et al. 2008).
The amino acid sequences are different for the daddy
sculpin, Atlantic salmon, zebrafish, and Atlantic wolffish
(Table 1). Compared to mammals, the teleosts herein do
not present the GAILS region (segment 24-28), which
contributes to the amyloid formation in human and
cats. The Atlantic salmon IAPP was shown to be amy-
loidogenic in vitro (Westermark et al. 2002). Interest-
ingly, the Atlantic salmon Agg parameter was higher
than the cat IAPP segment 19-34, which is known to be
amyloidogenic in vivo. The in silico analysis performed
with the Tango algorithm revealed that the Anarhichas
IAPP segment 19-34 was not prone to form amyloid fi-
brils. The Atlantic wolffish and the zebrafish have two
proline residues in contrast to the other teleost fish
which have only one residue. Proline residues are
known to protect against fibril formation (Westermark
et al. 2011); thus, their presence possibly explains the
lowest Agg parameter obtained from the Tango algo-
rithm in the Atlantic wolfish and the zebrafish. How-
ever, further research is needed to evaluate the potential
of fish full-length IAPP to form amyloid deposits.
Conclusions
We confirmed the species-specific differences in the hormo-
nal tissue distribution in teleost fish and demonstrated a
unique distribution of IAPP in the Atlantic wolffish. The
presence of this difference in the population of cells secret-
ing IAPP deserves further investigation. Previous phylogen-
etic analyses have shown that pancreatic peptides are
relatively well conserved among vertebrates. However, the
IAPP amino acid sequence differs among teleost fish. Our
study shows that the Atlantic wolffish is devoid of amyloid
in vivo and the segment 19-34 is non-amyloidogenic, ac-
cording to the in silico secondary structure analysis. Amyl-
oidosis of pancreatic islets would not be expected as a
spontaneous disease in the Atlantic wolffish. The Atlantic
wolffish thus could be a potential candidate to isolate theendocrine tissues for pancreatic xenografts. This study adds
new insight in the characterization of fish pancreatic pep-
tides whose physiological functions remain to be elucidated.
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